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In the nuclei of eukaryotic cells, euchromatin is located at the center, whereas heterochromatin 
is found at the periphery and is interspersed in the nucleoplasm. Solovei et al. (2009) now reveal 
that this normal pattern is reversed in the retinal rod cells of mice. This inversion might serve to 
maximize light transmission to photoreceptors in nocturnal mammals.The eukaryotic cell nucleus is functionally 
compartmentalized (Kosak and Groud-
ine, 2004; Misteli, 2007). At the protein 
level, this is manifested by the nuclear 
bodies that segregate specific func-
tions into defined compartments, such 
as Cajal bodies, speckles, and nucleoli. 
DNA transcription and replication are 
similarly partitioned in a spatiotempo-
ral manner in multiprotein complexes 
termed transcription and replication 
factories (Chakalova et al., 2005). The 
genome is also functionally subdivided 
into distinct entities at several levels of 
organization. For one, chromosomes 
occupy largely nonoverlapping territo-
ries within the interphase nucleus (Cre-
mer and Cremer, 2001). However, the 
most striking compartmentalization of 
the genome stems from the segrega-
tion of DNA into the more decondensed 
euchromatin, which harbors active genes 
(or those poised for transcriptional activ-
ity), and the densely compacted hetero-
chromatin, which tends to be found in 
perinucleolar and perinuclear positions (Felsenfeld and Groudine, 2003). In addi-
tion, a rim of facultative heterochromatin 
usually lines the nuclear periphery. Con-
versely, euchromatin is located mostly 
in the nuclear center, where the bulk of 
transcriptional activity occurs. This con-
ventional view of nuclear architecture is 
turned inside out by work from Solovei et 
al. (2009) in this issue of Cell. The authors 
demonstrate that mouse retinal rod 
nuclei have an inverted architecture with 
central heterochromatin and peripheral 
euchromatin, and they provide compel-
ling evidence that this arrangement has 
functional consequences for mammalian 
night vision.
In vertebrates, the retina itself is 
inverted: light must pass through three 
layers of neuronal cells before reaching 
the photoreceptors that detect it (Figure 
1A). The cell bodies of the photorecep-
tor cells are in the outer nuclear layer 
of the retina, and the photoreceptors 
themselves are located in the cytoplas-
mic extensions. The retina of the mouse 
contains a vast excess of rod cells (black Cell and white vision) over cone cells (color 
vision). Rod nuclei in adult mice differ 
remarkably from all other nuclei in the 
retina: they are small and round, and 
DAPI staining reveals that they contain 
only a single large central chromocenter 
(a region of bright staining indicative of 
heterochromatin) without any hetero-
chromatin at the nuclear periphery. By 
extensive analysis using fluorescence 
in situ hybridization (FISH) with markers 
of euchromatin and heterochromatin, 
Solovei et al. (2009) show that the central 
chromocenter consists of subcentro-
meric satellite DNA (constitutive hetero-
chromatin) with centromere clusters (the 
minor satellite repeats) on its surface. 
This central chromocenter is surrounded 
by a thick layer of L1 repeat DNA (non-
centromeric heterochromatin), and the 
outermost layer is formed by euchroma-
tin (which is rich in B1 short interspersed 
repeat DNA) (Figures 1B and 1C). More-
over, using a series of gene-specific FISH 
probes, the authors confirm that irre-
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all tested genes are located at 
the nuclear periphery, where 
genes are usually under-
represented. Distribution of 
histone modifications further 
corroborates the inverted 
nature of rod nuclei. Unlike 
any other tissue, in rods his-
tone 3 lysine 4 trimethyla-
tion (H3K4me3), a marker of 
euchromatin, is found exclu-
sively at the nuclear periph-
ery, whereas the heterochro-
matin markers H3K9me3 
and H4K20me3 are detected 
only in the chromocenter and 
L1-rich heterochromatin shell, 
respectively.
The inverted nuclear archi-
tecture of retinal rod cells is 
not specific to the mouse. 
Analysis of the nuclear rod 
pattern in a large number of 
terrestrial mammals revealed 
many additional examples 
of species with the inverted 
nuclear organization. What 
emerged (with only one 
exception) is that all are noc-
turnal animals (crepuscular 
species, those active at dusk 
and/or dawn, exhibited either 
pattern). Moreover, the adop-
tion of the inverted nuclear 
pattern in rod cells strongly 
correlates with the concen-
tration of rod cells, the ratio 
of rods to cones, and, to some extent, 
nuclear size and the number of cell 
body layers in the outer nuclear layer. 
To explore whether the nuclear architec-
ture affects the optical properties of rod 
cells, the authors examined the refractive 
indices of “normal” and inverted nuclei 
and determined that the inverted pattern 
with the single chromocenter results in 
a higher, yet uniform, refractive index 
at the center of the nucleus. Extensive 
computer simulations and interferomet-
ric phase microscopy of mouse retinal 
tissue reveals that the inverted nuclear 
pattern affects the optical properties of 
the outer nuclear layer by reducing light 
scattering and enhancing focusing when 
compared to “normal” nuclei with several 
chromocenters. In essence, the nuclei of 
rod cells, when aligned in straight col-
umns in the retinal outer nuclear layer, 
appear to have evolved to optimize the 
passage of light and to focus it onto the 
photoreceptor plane. This finding thus 
provides a potential fascinating link 
between an unusual nuclear morphology 
and adaptation to the evolutionary pres-
sure of night vision.
Solovei et al. consider other inter-
pretations for the emergence of the 
inverted nuclear pattern in nocturnal 
mammals. The small nuclear size is 
dismissed as a possible cause given 
that other cells, such as differentiating 
erythrocytes and lymphocytes, exhibit 
nuclei of small size yet display normal 
architecture. However, a comparison of 
the rod cells to erythrocytes may not 
be appropriate. The erythroid nucleus 
is compacted during terminal differen-
tiation specifically to facilitate ejection, 
and transcription is silenced in the pro-
cess. By contrast, rod nuclei 
exhibit high transcriptional 
activity. The authors rightly 
reject the hypothesis that the 
inversion could place genes 
in closer proximity to nuclear 
pores and thus contribute to 
their increased expression; 
although cone cells retain the 
conventional nuclear archi-
tecture, their transcriptional 
activity is similar to rod cells. 
The principal constraint for 
rod cells may not be nuclear 
size or gene positioning but 
the passage of light, and 
this is where evolutionary 
pressure appears to have 
adapted form to function. 
The authors speculate that 
the nuclear inversion may 
have occurred early when 
mammals became nocturnal 
during the reign of diurnal 
dinosaurs. After the extinc-
tion of dinosaurs, diurnal 
mammals gradually emerged 
and lost the inverted nuclear 
pattern.
Although this work describes 
a surprising form of nuclear 
organization, several ques-
tions arise. The nuclear inver-
sion occurs during develop-
ment of the retina. At birth, 
mouse rod progenitor cells still 
exhibit a normal nuclear archi-
tecture, but by postnatal day 5 (P5) the rod 
progenitors cease to divide. The mouse 
opens its eyes by P13, at which point 
the nuclear inversion appears to com-
mence but is not complete until at least 
1 month after birth. What is the driving 
force behind this reorganization? Are the 
rod cells hardwired to invert their nuclear 
pattern during differentiation, or is it 
triggered by exposure to light? Clearly, 
it would be interesting to compare the 
developmental timing of the inversion in 
mice to that of other nocturnal animals. 
Furthermore, the molecular mechanism 
directing the inversion is a mystery. To 
identify the relevant players that orches-
trate the inversion will require analysis of 
mouse mutants, including mice in which 
there is inducible knockdown of tissue-
specific rod genes. Finally, the striking 
nuclear architecture of murine rod cells 
figure 1. The nuclear Architecture of Rod cells in the Mouse 
Retina
(A) Schematic of the path that light travels through the cell layers of the mam-
malian retina. 
(B and C) The inverted nuclear architecture of murine rod cells (B) contrasts 
with the conventional nuclear organization of other tissues (C). Centromeric/
subcentromeric heterochromatin is blue, L1 long interspersed repeat hetero-
chromatin DNA is red, and B1 short interspersed repeat DNA in euchromatin 
is green.
(D) An analogy can be made between the nuclear architecture observed by 
Solovei et al. (2009) in mouse rod cells and floral architecture. In murine rod 
cells, the small nuclear size and central chromocenter, which contains all sub-
centromeric DNA, suggests that all chromosomes converge in the nuclear 
center and radiate out toward the periphery, much like a round flower head.206 Cell 137, April 17, 2009 ©2009 Elsevier Inc.
is an opportunity for an in-depth analy-
sis of nuclear organization. The small 
nuclear size and central chromocenter, 
which contains all of the subcentromeric 
DNA, suggests that all chromosomes 
converge in the nuclear center and radi-
ate out toward the periphery, much like 
a round flower head (Figure 1D). Prelimi-
nary data from the gene-specific FISH 
experiments already suggest that chro-
mosome territories may be arranged in 
radial segments, but a comprehensive 
analysis of chromosome positioning 
would address this question further The intricacy of wiring billions of axonal 
cables into a functioning nervous sys-
tem has been appreciated since the 
days of Ramón y Cajal. In the last two 
decades tremendous progress has 
been made in identifying the classes 
of molecules that guide the growth of 
neuronal processes during develop-
ment over long distances to their pre-
cise termination points (Dickson, 2002; 
Tessier-Lavigne and Goodman, 1996). 
Despite diversity in these modes of 
guidance—from the “towing” of sen-
sory axons by migrating lateral line pri-
mordium cells in zebrafish (Gilmour et 
al., 2004) to the snaking of commissural 
axons through a minefield of attractive 
and repulsive cues at the ventral mid-
line (reviewed in Dickson, 2002)—it has 
always been the neuronal process that 
travels to the target location. But is this 
neurite extensi
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The outgrowth of axons and den
canonical means of creating new
processes can also be made by a
pulls away, a process termed ret(Bolzer et al., 2005). Uncovering the spa-
tial relationships between chromosome 
territories and coregulated genes in this 
context may shed additional light on the 
adaptation of form to function in biology 
(Kosak et al., 2007).
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the only way for a neuronal process 
to reach its target? According to new 
work by Heiman and Shaham (2009), 
the answer is no.
Using the nematode Caenorhabditis 
elegans as a model system, Heiman 
and Shaham now show that the sensory 
processes of amphid neurons reach 
their target location via a previously 
unreported mode of outgrowth that the 
authors call “retrograde extension.” 
Amphid neurons are a class of sensory 
neurons in C. elegans with a cell body 
in the head of the animal and a sensory 
dendritic process that extends toward 
the anterior all the way to the tip of the 
animal’s nose (Ward et al., 1975). By 
visualizing the development of single 
amphid neurons during embryogenesis 
in vivo, the authors make a surprising 
discovery; rather than sending out a 
on: starting at t
drites from neuronal cell bodies to
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sensory process that extends toward 
the tip of the nose, the cell bodies of 
amphid neurons start out at the tip of 
the nose and migrate away toward the 
posterior, leaving behind a sensory 
process (Figure 1). Thus, the choice of 
target location is achieved not by end-
ing up at the destination but rather by 
starting there. Amazingly, this process 
was suggested a quarter of a century 
ago in a landmark paper by Sulston et 
al. (1983) based on analysis of electron 
micrographs.
The process is akin to a spider let-
ting itself down by a thread. But just as 
the tip of a spider’s thread needs to be 
anchored, the same holds true for sen-
sory processes of the amphid neurons. 
The authors find two worm mutants, 
dex-1 and dyf-7, in which the migration 
of the neuronal cell bodies appears 
he finish Line
 their appropriate targets is the 
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